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ARTICLE INFO ABSTRACT

The development of low-carbon cementitious materials involves the selection of the appropriate raw materials
and the transformation of the hydration mechanism. In this study, low-carbon and low-cost cementitious ma-
terials were prepared using municipal solid waste incineration fly ash (MSWI FA), blast furnace slag (BFS), and
desulfurization gypsum (DFG) as raw materials to reduce clinker usage. Results showed that the compressive
strength of K5 (mass ratio of BFS: DFG: MSWI FA = 7:1:2) after 360 d of curing was 41.49 MPa, with a low
leaching concentration of heavy metal residues that meet groundwater Class II standards, a dioxin content of
only 25 ngTEG/kg, and a stable pH value ranging between 11 and 11.5. Microscopic analysis revealed a con-
tinuous decrease in the Ca/Si atomic ratios of K4 (mass ratio of BFS: DFG: MSWI FA: P-142.5 = 42:10:20:28) and
K5, i.e., 1.18-1.54 and 1.04-1.23, respectively, with the increase in the hydration age. The highest Al/Si atomic
ratio of K5, i.e., 0.26-0.31, was observed with the strongest conversion trend of calcium-silicate-hydrate gel into
calcium—-aluminum-silicate-hydrate gel, and the network structure of sodium-(calcium)-aluminum-silicate—
hydrate gel zeolite-like phase was generated. The water-to-binder (WTB) mass ratio of 0.35 was determined to be
more suitable for the K4 and K5 systems and resulted in a 56.83% and 90.82% reduction in half-life t; compared
with the WTB ratio of 0.5, respectively. Notably, the value of the reaction velocity constant K in the induction
period was 10 times that of K1, and the autocatalytic reaction controlled the value of N to < 1. The X-ray
absorption near-edge structure indicated that Zn solidification produced Zn,SiO4 with a small solubility product.
The production of 1 t of K5 emitted only 10.83 kg/t of CO,, which was 40 times less than that of K1. Overall, K5
provides the highest economic benefit at 40.08 USD/t, and the clinker-free cementitious system with multisolid
waste synergy has significant advantages in terms of solidifying harmful substances, reducing carbon emissions,
and lowering costs.
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1. Introduction

China’s domestic waste incineration industry has grown rapidly,
with the mechanical grate furnace process being used in approximately
90% of incineration projects. However, the resulting municipal solid
waste incineration fly ash (MSWI FA) is classified as HW18 on China’s
hazardous waste list because of the high levels of pollutants, such as
chlorine salts, dioxins, and easily soluble heavy metals [1]. The disposal
costs of MSWI FA have reached 300-600 USD/t in Tier 1 cities. By

2025, the annual production of fly ash is expected to reach 10 million t,
which is approximately 10% of China’s total hazardous waste [2].
Currently, the most common methods for MSWI FA disposal are
cement solidification/stabilization (S/S) and safe landfilling [3]. The
cement solidification process is a mature and cost-effective technology
in which MSWI FA is encapsulated by calcium-silicate-hydrate (C-S-H)
gel and other hydration products [4,5]. However, the composition of
MSWI FA is highly variable, and the presence of soluble chloride salts
can affect the long-term stability of dioxins and heavy metals in the
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Fig. 1. Three-factor diagram of quantity—space—cost.

solidified body [6-10]. Furthermore, the harmful elements in MSWI FA
can have complex effects on the cementitious system, affecting the
compressive strength and coagulation period. Studies have shown
[11-14] that heavy metals, such as Pb, Cu, As, Zn, Cr, and Cd, can
hinder hydration heat release, delay the setting time, and reduce
compressive strength. Cement-based systems also exhibit low compat-
ibility with oxygen anions and amphoteric metal ions, which can inhibit
cement hydration.

China has achieved carbon neutrality, which has resulted in in-
creasing cement prices and changes in the cement industry. Studies
[15-19] have shown that solid-waste-based cementitious materials,
such as blast furnace slag (BFS) and coal fly ash (CFA), can replace
cement with improved hydration activity and resistance to water-so-
luble chlorine and acid corrosion. The combination of MSWI FA and

BFS improves gelling activity and solidifies dioxins and heavy metals.
Solid-waste-based clinker-free filling materials have been developed
using BFS and steel slag powder, with leaching concentrations of di-
oxins and heavy metal ions that meet drinking water standards. Gen-
erally, the BFS glass structure disintegrates into unstable structural
units, induces the reaction, and forms a dispersion—condensation thix-
otropic structure and an ordered precursor, following which the hy-
drates generate a new polycondensation crystal structure. Under alkali
excitation conditions, traditional cement hydration products primarily
generate high Ca/Si atomic ratios of tobermorite—jennite-structured
C-S-H gels with an average Ca/Si atomic ratio of > 1.6, whereas glassy
solid waste typically generates low C-S-H gels with an average Ca/Si
atomic ratio of < 1.2. The conversion of C-S-H and calcium-alumi-
num-silicate-hydrate (C-A-S-H) gels is influenced by the Ca/Si atomic
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ratio, which promotes the formation of longer chains and tightly crys-
talline structures and ensures the compactness of the solidified body
[20,21].

Scholars have investigated the S/S mechanism of heavy metals in
MSWI FA using various microscopic analysis methods. For instance, Zn
is immobilized by the formation of stable silicates and amorphous Zn
(OH), hydroxide complex salts, which are adsorbed by C-S-H gels,
ettringites, and calcium chloroaluminate hydrates [22]. Pb is en-
capsulated in the C-S-H gel to form Pb-O-Si chemical bonds and sta-
bilized as Pby(OH);* and PbSiOj stable silicates through adsorption by
silica, silicon chain [23], and C3S. Cr(VI) can be reduced to Cr(II) and
undergo ion exchange with AI(III) in alumina, adsorbed on Friedel’s
salt, or replaced SO2~ in ettringite to form a solid solution [24-26]. Cr
also forms a CaCrO42H,0 crystalline phase and adsorbs on the porous
surface of the C-S-H gel. Cu, Cd, and Ni participate in hydration re-
actions and precipitate hydroxides, such as Cu(OH),, CaCd(OH),, and
Ni(OH),, and replace Ca*>* for charge compensation by combining with
the deprotonated silanol group in C-S-H/C-A-S-H gels [9,10].

Researchers [3,27] have investigated the S/S mechanism of heavy
metals in MSWI FA using new magnesium sulfate and phosphate ce-
ment. The S/S mechanism of heavy metals was investigated using X-ray
diffraction (XRD) and extended X-ray absorption fine structure ana-
lyses, which revealed that phosphate precipitation in the MSWI FA—-
phosphate cement binder is crucial for solidifying Zn and Cu, whereas
the MSWI FA-sulfate cement binder exhibits high fixation efficiency
(99.8%) for both Pb and As [28,29]. MSWI FA shows volcanic ash ac-
tivity, and the combined assistance of soluble cations and anions excites
the amorphous phase dissolution of glassy solid waste to yield various
types of C—(A)-S-H gel solid solutions along with low-solubility com-
plex salts. Desulfurization gypsum (DFG) can be used as a sulfate in-
itiator in synergy with BFS and steel slag to generate ettringite mi-
nerals. In the simulated application scenarios, the leaching
concentration of harmful substances was less than the drinking water
standard (Chinese National Standard GB 5749-2006). However, the in-
depth S/S mechanism of heavy metals, the amorphous phase transition
process, and the factors affecting the recombination excitation rate
require further investigation. This research can help address issues re-
lated to the disposal and recycling of MSWI FA, mine cementation,
filling mining, and high cement costs (as depicted in Fig. 1).

Therefore, this study comprehensively investigates the amorphous
phase structure—crystal phase transition process during the hydration
process of BFS-MSWI FA-DFG by employing several qualitative and
semiquantitative microscopic analyses of hydration heat and fitting
kinetic parameters, in addition to quantitative speciation analysis of
heavy metals with X-ray absorption fine structure (XAFS) analysis for
fitting the atomic bond length. Based on the calculated solubility and
degree of polymerization of a vitreous body, combined with the
thermal/kinetic parameters, the variations in the hydration products
and the evolution of the microstructure of solidified bodies were re-
vealed, which elucidated the S/S form, endowed status, and migration
transformation of harmful substances. This study aims to establish a
theoretical foundation for the resource utilization of clinker-free ce-
ment or low-clinker cement-containing MSWI-FA-based low-carbon and
ultralow-cost cementitious materials, as well as the S/S of harmful
substances.

2. Experimental
2.1. Materials

MSWI FA used in this study originated from a grate furnace waste
incineration power plant situated in Beijing, China. Table S1 shows that
the predominant mineral constituents of MSWI FA were identified as
CaO and Cl, constituting 34.96% and 20.12% of the mass fractions
composition, respectively. Additionally, the mass fraction contents of
SO; and Na,O are 7.97% and 6.63% respectively. Fig. S1 shows the

106

Green and Smart Mining Engineering 1 (2024) 104-117

phase composition analysis of the raw material, revealing the high
crystallinity of the primary peaks in MSWI FA, which are pre-
dominantly composed of NaCl, KCl, and CaSO,4 phases.

Table S2 lists the particle sizes of MSWI FA, indicating a fine and
uniform distribution without noticeable graininess. The D;¢, Dso, and
Dy, values for cumulative particle size distribution at the mass fractions
of 10%, 50%, and 90% are < 1.83, 4.01, and 5.87 pm respectively. To
assess the leachate concentration of harmful target elements, the un-
treated MSWI FA ash underwent a horizontal oscillation leaching test,
following the Chinese National Environmental Protection Standard HJ
557-2010, with measurements conducted using inductively coupled
plasma mass spectrometry (ICP-MS) on a Thermo ICAP 7200 DUO in-
strument. Following the Chinese National Standard for Groundwater
Quality GB/T 14848-2017, the concentrations of five heavy metals
(i.e., Pb, Zn, Cd, Cr, and Hg) in MSWI FA were evaluated. Tables S3 and
S4 present the varying degrees of excess, with Pb and Cr exhibiting
significant deviations beyond the standard limits.

Following the Chinese National Environmental Protection Standard
HJ 77.3-2008, the toxic equivalent concentration (ng-TEQ/kg) of di-
oxins in MSWI FA was assessed using the polychlorinated dibenzo-p-
dioxins (PCDD) and polychlorinated dibenzofurans (PCDF) isotope di-
lution high resolution gas chromatography-high resolution mass spec-
trometry (HRGC/HRMS) hazardous waste determination method
(Table S5). The results showed that the concentration of 556 ng-TEQ/kg
significantly exceeded the standard limit of 50 ng-TEQ/kg specified in
the technical specification for controlling MSWI FA pollution in do-
mestic waste incineration (Chinese National Environmental Protection
Standard HJ 1134-2020). This finding highlights the substantially
higher level of harm associated with the dioxin content in the MSWI FA
sample. The physical and chemical properties of BFS, DFG, and P 42.5
Portland cement are presented in Supplementary Material.

2.2. Preparation of the test samples

BFS was oven-dried at 100 °C for 24 h to achieve a moisture mass
content of 5%. Similarly, DFG was oven-dried at 50°C for 72h to
achieve the desired moisture content. In this study, the formulation
variables considered the BFS content as a weight percentage of the
cementitious material, gradually replacing the cement at levels of 0%,
14%, 28%, 42%, and 70%. Previous research [28,29] provided insights
into the optimal proportions of other constituents, with an optimal
MSWI FA mass content of 20% and a DFG mass content of 10%. Table
S6 lists the different proportions of cementitious materials with a water-
to-binder (WTB) mass ratio of 0.35. The sample preparation method
used in this study is consistent with the approach described in our
previous investigation [28]. After specific time intervals of 3, 7, 28, 90,
180, and 360 d, the samples were subjected to compressive strength
tests in triplicate. Following the compressive strength tests, the samples
were dried to halt the hydration reaction. Subsequently, the samples
were prepared for the leaching characteristic tests and ground to a
particle size exceeding of 95% mass content by passing through a 200-
mesh sieve to ensure consistency for microscopic examinations and
analyses.

2.3. Mechanical properties and leaching tests of the backfill materials

The compressive strengths of cementitious materials were de-
termined following the test method outlined in the Chinese National
Standard GB/T 17671-1999, which is based on the ISO method. These
results were determined to be consistent with the findings reported by
Li et al. [28], who employed a similar test method.

To simulate the leaching behavior of the solidified cementitious
material after S/S treatment, leaching toxicity tests were conducted
using the horizontal vibration method specified in the Chinese National
Environmental Protection Standard HJ/T 557-2010. The S/S samples
were crushed and sieved to particle sizes smaller than 3 mm.
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Fig. 2. Preparation and performance test methods of the K1-K5 test blocks for 3, 7, 28, 90, 180, and 360 d: (a) compressive strength, (b) Zn leaching concentration,
(c) Pb leaching concentration, (d) Hg leaching concentration, (e) Cr leaching concentration, (f) Cd leaching concentration, and (g) leaching solution pH variation

after solidifying for 3, 7, 28, 90, 180, and 360 d.

Subsequently, deionized water was added to 50 g of the sieved material
at a liquid-to-solid ratio of 10L/kg. The mixture was horizontally
shaken at a frequency of 110 *+ 10 times/min for 8 h at room tem-
perature (20 °C) and left to settle for 16 h. The resulting leachates were
filtered using 0.45-um polypropylene membrane filters, preserved with
HNOs;, and stored at 4 °C. The concentrations of Pb, Zn, Cr, Hg, and Cd
in the leachates were determined using ICP-MS. The concentration of
dioxins in the cementitious materials was determined following the
specified standards and methods for dioxin analysis in MSWI FA.

2.4. Microanalysis of the paste

Microanalysis of the cementitious paste was conducted using var-
ious techniques. Heavy metal speciation, XRD, X-ray photoelectron
spectroscopy (XPS), and XAFS were used for the quantitative and
qualitative analyses of heavy metals, such as Pb, Zn, Cr, Cd, and Hg.
The hydration structures of the paste were qualitatively analyzed using
XRD, Fourier transform infrared spectroscopy (FTIR), thermogravi-
metric analysis—differential scanning calorimetry (TG-DSC), scanning
electron microscopy-energy-dispersive spectroscopy (SEM-EDS), XPS,
and isothermal conduction calorimetry. The analytical steps for heavy
metal speciation are detailed in Table S7. The specific testing instru-
ments and steps are presented in Supplementary Material.

Isothermal conduction calorimetry was conducted to analyze the
hydration heat release of the K1, K4, and K5 pastes. The isothermal
conduction calorimeter was connected to an exothermic meter and a
nitrogen cylinder, and the experiment was conducted following the
Chinese National Standard GB/T 12959-2008. To investigate the ki-
netic behavior and activities of cement-based materials and BFS during
the exothermic hydration reaction. The process of fitting the formula is
described in detail in Supplementary Material.

In this study, we conducted XAFS experiments at the Beijing
Synchrotron Radiation Facility, Institute of High Energy Physics,

Chinese Academy of Sciences. Given the low zinc (Zn) content in the
solution standard, we employed the fluorescence mode. The XAFS
spectra of the Zn LIII absorption edge were obtained for the K1, K4, and
K5 samples, corresponding to curing periods of 7, 90, and 360 d, re-
spectively. The energy scanning range spanned from 9.460 to
10.460 keV. Before the absorption edge, energy steps of 4 eV were used,
followed by 1 eV near the edge and 2 and 4 eV after the edge, for both
the fluorescence and transfer modes. The acquired spectral data were
processed and analyzed using Athena software. The standard data
processing steps for the synchrotron radiation data, including normal-
ization, E-k transformation, Fourier transformation, and shell fitting,
were conducted. The E-k transformation refers to the conversion of
XAFS data in energy space, c(E), to wavevector space, c(k). To further
elucidate the micromolecular structure of the Zn compounds in the
cured samples, we used the crystallographic information file (CIF) file
of the acquired compounds along with real space Green’s function code
(FEFF software) theory calculations and nonlinear least squares fitting.
We determined the coordination number of Zn ions, bond length, en-
ergy correction AE,, and R factor to assess the quality of the fitting
procedure. The experimental parameters and fitting steps are presented
in the Supplementary Material.

2.5. Life cycle assessment and economic benefit analysis

In this study, we analyzed the total carbon dioxide (CO,) emissions
from the production of 1t of cementitious material, considering the
comprehensive “cradle-to-gate” perspective of life cycle assessment.
However, data inventory, specifically for hazardous waste materials
(i.e., MSWIFA, BFS, and DFG) generated by industrial by-products from
steel mills and power plants, is unavailable. Therefore, for this study,
we excluded the production inputs and outputs associated with BFS and
DFG. We focused solely on quantifying CO, emissions related to the
procurement of raw materials for cementitious material production
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based on established performance standards. The CO, emissions for
cement were calculated using data obtained from a sample of 30 pro-
duction lines across 18 cement plants in China, as documented in the
China Life Cycle Inventory (CNMLCA 2012) [30]. Data on other solid
waste raw materials were obtained from the Ecoinvent database;
meanwhile, the inventory for BFS was obtained from Paulu et al. [31],
and the inventory for DFG was obtained from Li et al [32]. The
quantification of CO, emissions associated with MSWI FA was derived
from the generation of CFA in coal-fired processes and landfills, as re-
ported in the aforementioned studies [31,32].

The economic benefit analysis of cementitious materials was con-
ducted using field data on solid waste raw materials obtained locally,
along with quotations from e-commerce platforms in the region. Table

S8 provides a comprehensive summary of the economic assessment
calculations for each cementitious material, considering several factors,
such as product benefits, carbon tax/credit, savings in disposal fees, and
overall economic gains.

3. Results
3.1. Mechanical properties

Fig. 2(a) compares the compressive strength of test blocks cured for
3,7, 28, 90, 180, and 360 d and shows that replacing cement with BFS
can enhance the compressive strength of solidified blocks. The com-

pressive strength initially increases with the curing period but
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subsequently decreases. All test blocks cured for 3 d exceeded 20 MPa.
K4, with 60% BFS replacement, exhibited the highest compressive
strength after 3, 7, and 180 d of curing, attaining 46.20, 44.10, and
45.18 MPa, respectively. K5 achieved the highest compressive strength
(41.49 MPa) after 360 d, and K5 exhibited a stable compressive strength
range of 27.65-47.26 MPa across hydration ages of 3-360 d. Previous
studies [28,33,34] have shown that the compressive strength of a so-
lidified body can indicate the compactness of its internal structure.
Moreover, the combination of the observed leaching concentration and
the morphological analysis can reflect the S/S effect and migration
transformation law of heavy metals.

3.2. Leaching tests

Fig. 2(b-f) show the leaching concentrations of heavy metal ions,
which indicate that the MSWI FA raw material exceeded the standard.
However, for the K2-K5 test blocks, the leaching concentrations of
heavy metal ions after various hydration periods were below the
drinking water standard. By contrast, the K1 test block had a high Pb
concentration that exceeded the drinking water standard at all hydra-
tion periods, thus posing the risk of leaching. Morphological analysis
(Fig. S2) revealed that, after hydration, the residual Pb content of
K1-KS5 increased (> 88%), with K1 having a higher proportion of oxi-
dizable and reducible states than K2-K5. As the amount of BFS re-
placement increased, the leaching concentration of Pb decreased sig-
nificantly, thus significantly influencing the solidification of Pb. The S/
S effect was similar to the variations in compressive strength (Fig. 2(a)),
and the leaching concentration of heavy metals in the test block with
high compressive strength was generally low, meeting the groundwater
Class III standard and even the groundwater Class II water quality
standard for certain ages. After 90 d of hydration, K3 exhibited the
highest strength with a relatively lower leaching concentration of heavy
metals. K5 exhibited a super-stable comprehensive heavy metal S/S
effect, and the content of multi-heavy metal residue states in the later
stages of hydration (K5-360 d) was greater than that of K1. The pH
values of the leachate at different ages of K1-K5 are shown in Fig. 2(g),
and the alkalinity conditions required for the hydration of the ce-
mentitious system were satisfied. The pH of K5 was relatively stable
across all hydration ages, indicating a stable alkaline environment in its
cementitious system and providing a basis for the stability of hydration
products in the later stage.

The dioxin toxic equivalent concentrations in K1 and K5 were 33
and 25ng-TEQ/kg, respectively, indicating that K5 had a higher S/S
capability for organic poisons than K1. In addition, both K1 and K5 met
the standard limit of 50 ng-TEQ/kg in the technical specification for
controlling MSWI FA pollution in domestic waste incineration (HJ
1134-2020). Table S5 provides more details.

3.3. Hydration microscopic analysis of the paste samples

Fig. 3(a) and (b) shows the XRD analysis results of K1, K4, and K5 at
different ages. K1-7 d had the highest proportions of C3S, C,S, and Ca
(OH),, while K4-7 d had the highest proportion of ettringite. K4-7 d and
K5-7 d exhibited characteristic peaks of complex salt minerals, and K5-7
d had a relatively high proportion of C-A-S-H gel and Friedel’s salt. Ca
(OH), in K1 reappeared after 360 d, and the gypsum peaks disappeared
in all three samples. K4 and K5 generated more aluminum-containing
crystal phases than K1. TG-DSC analysis showed that K1 and K4 had
higher endothermic peaks than K5 at 7 d, and K5-360 d had the highest
endothermic peak. K4 and K5 exhibited weak Friedel’s salt endothermic
peaks; meanwhile, Ca(OH), endothermic peaks appeared in K1 at
various ages. Based on the vibration absorption peaks of the C-(A)-S-H
gel associated with Si-O bonds at locations f, g, h, i, and j, the highest
degree of C-S-H gel polymerization was observed in K1-90 d. After
hydration for 360 d, as the BFS content increased, the wavenumber
shifted to high wavenumbers (i.e., 966.16 em~! for K1-360 d and

109

Green and Smart Mining Engineering 1 (2024) 104-117

971.94cm ™! for K5-360 d). The adjacent coordination of K5 with Al
replacing Si [35] in [Si04]*~ indicated that K5 contains more types of
gel-like hydration products than K1. The information regarding the
position of chemical bond peaks can be found in Table. S9. The TG-DSC
spectra of K1, K4, and K5 after hydration for 7, 90, and 360 d are de-
picted in Fig. 3(d—f), and the weightless hydration products, along with
the weightless substances corresponding to different temperatures are
listed in Table S10. The endothermic peak is primarily concentrated at
110 °C and is caused by the dehydration of ettringite and the C-S-H gel
[36]. Moreover, the endothermic peaks of K1-7 d and K4-7 d were
significantly higher than that of K5-7 d, corresponding to weight losses
of 10.87%, 12.51%, and 6.21%, respectively. As the curing age in-
creased, the endothermic peak of K5-360 d gradually increased to
— 1.65mW/mg, the highest endothermic peak of K1-90 d was
— 1.96 mW/mg, and the endothermic peak of K1-360 d significantly
decreased. K4 and K5 exhibited weak Friedel’s salt endothermic peaks
at ~357 to 370 °C at various ages [37], whereas Ca(OH), endothermic
peaks appeared in K1 at 420 °C at various ages [36]. This finding is
consistent with the results of the highest Ca(OH), content in K1 (i.e.,
12wt% for K1-7 d, 5wt% for K1-90 d, and 17wt% for K1-360 d) com-
pared with K4 and K5 at the same period as XRD quantification, in-
dicating that cement-based K1 contained multilayered Ca(OH), in the
hydration products generated in the later stages of hydration.

Table S11 shows the variations in the binding energies of the O, Ca,
Al, Si, Cl, and S orbitals in samples K1, K4, and K5, as well as the
semiquantitative analysis data for the corresponding curve fitting areas.
The predominant form of O atoms in the sample was oxygen bridge
bonds. The O 1s binding energy of K4-7 d had the largest peak area and
the highest number of oxygen bridge bonds compared with those of K1
and K5. After 90 d, the O 1s binding energy of Kl increased to a
maximum of 532.26 eV. After 360 d, the O 1s binding energy of K5
increased to 532.32 eV, indicating continuous polymerization of oxygen
bridge bonds, whereas the O 1s binding energy of K1 decreased to
531.69 eV, with a tendency for O atoms to convert into non-oxygen
bridge bonds [35]. The largest area of the fitted peak of Ca 2p was
observed in K1-7 d, whereas the highest binding energy of the Ca 2p
main peak was observed in K5-7 d. The Ca 2p binding energy and fitted
peak area of K4-90 d increased to their maximum. The Al 2p binding
energies increased as the BFS substitution increased, indicating the
generation of hexacoordinated Al in the system. The Si 2p binding
energy and corresponding peak area increased as BFS replacement and
hydration time increased [37], with K5-360 d producing more stable
silicate species than K1-360 d. K1-360 d showed reduced chloride
binding capability, whereas K5-360 d exhibited stable chloride binding
capability and a higher degree of polymerization. The S 2p binding
energy of K1-90 d was greater than those of K4-90 d and K5-90 d,
whereas the S 2p binding energy of K1-360 d decreased and those of K4-
360 d and K5-360 d increased. The hydration reaction of the BFS-based
material continued to generate ettringite with the increase in the degree
of polymerization in the later stages of hydration [28].

Fig. 3(h) and Table S12 present the micromorphological structure
and hydration products of K1, K4, and K5 after hydration for 7, 90, and
360 d. K1-7 d contains higher levels of C,S/Cs3S and chlorine salts with
high crystallinity, such as NaCl, KCI, and CaCl,. K4-7 d shows that Ca/Si
atomic ratio = 11.85/13.02 < 1, and the ontents of S (7.11at%), Al
(3.9at%), and Ca (18.67at%) at Site 4 were higher than those of the
other elements. Sites 3 and 4 represent the hydration products of the
C-(A)-S-H gel and ettringite, respectively. K5-7 d shows flaky Friedel’s
salt staggered on top of each other, with visible flocculation of the
C-(A)-S-H gel. In K1-90 d, numerous clusters of ettringite were ob-
served, including a gel-like substance (inferred to be the C-S-H gel) at
five sites, which was closely cemented with numerous ettringites and a
dense structure. In K4-90 d and K5-90 d, the chlorine-containing
complex salts were relatively stable, and Friedel’s salt was cemented
with the increase in the ettringite content, where the chloride salt ex-
hibited a higher binding capacity than that in K1-90 d. The structure in
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K1-360 d loosened, the crystalline phase became coarse, and micro-
cracks appeared. K4-360 d and K5-360 d exhibited numerous needle-
like ettringites cemented with the gel substance, and the structure was
denser than that of K1-90 d. EDS analysis of K5-360 d Site 7 indicated
higher elemental contents of Na (5.47at%), Al (8.63at%), Ca (19.52at
%), and Si (20.12at%), which were attributed to the formation of the
sodium-aluminum-silicate-hydrate (N-A-S-H) crystal phase. In the
later stages of hydration, the hydration products of K5-360 d exhibited
higher durability, stability, and structural compactness than those of
K1-360 d.

Green and Smart Mining Engineering 1 (2024) 104-117

EDS analysis was conducted on the gel regions of the K1, K4, and K5
samples after hydration for 7, 90, and 360 d to determine the trans-
formation law and degree of polymerization between the gels. The Ca/
Si atomic ratios in K4-7 d and K5-7 d were lower than that in K1-7 d,
i.e., ranging from 1.41 to 1.92 and from 1.51 to 2.19, respectively. As
BFS substitution increased, the Al/Si atomic ratio gradually increased,
indicating that the strongest conversion trend of the C-S-H gel into the
C-A-S-H gel occurred in K5-7 d. The degree of polymerization of Si in
K1, K4, and K5 increased with the decrease in the Ca/Si atomic ratios in
K1-90 d, K4-90 d, and K5-90 d [16,38]. The Ca/Si atomic ratio in
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Fig. 4. Hydration heat release of K1, K4, and K5 at a WTB ratio of 0.35-0.5 for 168 h (7 d) during the hydration process: (a) variation in hydration heat release within
1 h of the hydration process; (b) variation in hydration heat release for 1-35h during the hydration process; (c) variations in hydration exothermic heat releases for
168 h (7 d) during the hydration process; (d) accumulated hydration heat release versus total accumulated heat release for 168 h (7 d) during the hydration process;

(e) fitting curves of final heat release (B,) and half-life (t;) according to Knudson’s equation (% = i - ﬁ

) of hydration kinetics; (f) variation in hydration

degree for 168h (7 d) calculated according to Eq. (S2): a = %; (g) curve of the relationship between In[1 — (1 — a)'/3] and In(t — t,); (h) variations in hydration

reaction mechanism constant N obtained by fitting the curve of the relationship between In[1 — (1 — a)!/?] and In(¢ — t,) at various stages; (i) variations in reaction
velocity constant K obtained by fitting the curve of the relationship between In[1 — (1 — @)'/3] and In(t — ¢t,) at various stages. All equations and variable definitions

could be obtained in Suppl

ementary Information.
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variation within 1h at WTB ratios of 0.35 and 0.5. The exothermic
peaks occurred within 1-2 min, with the first peaks of K1-0.5, K4-0.5,
and K5-0.5 occurring at approximately 2.5, 5, and 6 min, respectively.
The exothermic rates of K1-0.5, K4-0.5, and K5-0.5 were 6.59, 5.12, and
4.57 mV/g, respectively. The initial exothermic peak of K1-0.35 was
delayed by 5 min, but the exothermic rates of K1-0.35, K4-0.35, and K5-
0.35 increased to 17.25, 12.74, and 17.23 mV/g, respectively. Fig. 4(b)
shows the thermal variation of hydration within 35h. The maximum
hydration heat release rate was 0.94 mV/g for K1-0.5 and 0.63mV/g
for K4-0.5. The start times of the acceleration periods of K1-0.35,

K1-360 d was the highest compared with those in K4-360 d and K5-360
d. By contrast, in K4-360 d and K5-360 d, the Ca/Si atomic ratios were
lower, and the silicate hydration products exhibited a higher degree of
polymerization than cement-based K1 with a gradual increase in the Al/
Si atomic ratio.

3.4. Hydration heat tests and results

Fig. 4 shows the hydration heat release data of K1, K4, and K5 for
168 h (7 d) at various WTB ratios. Fig. 4(a) shows the hydration heat
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Fig. 5. Zn Lill-edge X-ray absorption fine structure spectra of K1, K4, and K5: (a) Zn LIll-edge X-ray absorption near-edge structure (XANES); (b) Zn LIll-edge k>y(k)
extended X-ray absorption fine structure (EXAFS); (c) Fourier transform magnitude of Zn LIII-edge EXAFS spectra of the K1, K4, and K5 samples; (d) fitting results of
the corresponding RSF spectra of the Zn-O shell backscattering paths expected with Zn,SiO4. The black and red lines denote the experimental and fitted data,

respectively.
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K4-0.35, and K5-0.35 were 3.01, 3.48, and 6.48 h, with maximum heat
release rates of 2.52, 1.91, and 0.99 mV/g, respectively [39,40]. Only
K1-0.5 and K4-0.35 showed exothermic peaks in the hydration decel-
eration period from 35 to 105h, with maximum exothermic rates of
0.41 and 0.74 mV/g, respectively. The total heat release decreased as
the BFS replacement increased under the same WTB ratio, and the cu-
mulative heat release of K1-0.5, K4-0.5, and K5-0.5 was 1.47, 1.29, and
1.21J/g, respectively. At a WTB ratio of 0.35, the cumulative heat re-
lease increased, and the total heat dissipation of K1-0.35, K4-0.35, and
K5-0.35 increased to 42.94, 44.47, and 19.48 J/g, respectively. A WTB
ratio of 0.35 was more conducive to improving the hydration heat of
BFS-based cementitious materials [41]. After a hydration period of
35 h, the total heat release of K4-0.35 exceeded that of K1-0.35, and the
total heat release of K1-0.35, K4-0.35, and K5-0.35 was 63.55, 86.63,
and 48.89 J/g, respectively (Fig. 4(d)).

Fig. 4(e) and Table S13 indicate that longer hydration periods result
in more consistent final heat release, and a linear relationship only
exists after 105 h. The final exothermic P, and the fitted half-life data ¢;
can be used to evaluate the long half-life of K5-0.5 (967.5604 h). De-
creasing the WTB ratio from 0.5 to 0.35 considerably reduced the half-
life t; of K4 and K5 by 56.83% (83.4252-36.0127 h) and 90.82%
(967.5604-88.8520 h), respectively. The hydration degree of each
sample can be evaluated using Egs. (S1) and (S2). The hydration degree
of K4-0.35 exceeded that of K1-0.35, attaining a maximum of ~0.8 at
168 h. The values of N and K were calculated by fitting them using Egs.
(S3) and (S4), as presented in Fig. 4(g) and Table S14, and the specific
variations in N and K are plotted in Fig. 4(h) and (i), respectively. In the
induction stage, K4 and K5 (N < 1) were predominantly controlled by
an automatic catalytic reaction, K1-0.5 (N = 1.39811 > 1) was con-
trolled by diffusion, and K1-0.35 (N = 1.06340) was freely controlled
by the reaction boundary. During the acceleration phase, K4 was freely
controlled by the reaction boundary, whereas K5 and K1 were primarily
controlled by diffusion. The reaction resistance of the cement-based
system increased as the WTB ratio decreased from 0.5 to 0.35, and a
WTB ratio of 0.35 is more suitable for BFS-based systems. During the
deceleration phase, all samples were subjected to diffusion control. The
K values of K4 and K5 in the induction period were 10 times those of the
other reaction stages.

3.5. XAFS analysis of Zn

Fig. 5(a) shows that, because of the low content of heavy metals in
the solidified body, only the near-edge XAFS of Zn can be measured.
The morphology of the nine samples was similar, indicating a consistent
Zn coordination environment.

The main peak position was at A (~9666 eV), and the weak peak at
B (~9684 eV) was representative of Zn,SiO4 [42]. The radial structure
function of the Zn ion coordination layer showed the peak ion radius R
value of ~1.5, which denoted the Zn-O bond [23]. The k-space func-
tion curve showed peak patterns surrounding wavenumbers 4, 6, and 8,
consistent with Zn,SiO,4. After 7 d of hydration, the Zn residue content
of K1-K5 was > 90%. The results of the single-shell fitting process and
the Zn-O bond length of Zn,SiO,4 are depicted in Fig. 5(d) and Table
S15. The mass fractions of Zn residue, oxidizable, reducible, and acid-
extractable states in the MSWI FA raw material were 51%, 31%, 12%,
and 6%, respectively, as shown in Fig. S1.

As shown in Table S15, the first coordination layer of Zn in the
solidified sample is coordinated with three O atoms. The o> values of K4
and K5 were higher than that of K1, indicating that the Zn,SiO4 com-
pound structure in BFS-based cementitious materials was more complex
than that in cement-based materials. The Zn-O coordination bond
lengths of K1 and K5 increased as the hydration age increased (i.e.,
1.93531-1.95226 A for K1 and 1.95999-1.97594 A for K5). In K4, the
Zn-0O bond length decreased with the increase in the hydration age.
However, the bond lengths of K4 and K5 were within the range of
1.95500-1.98037 A, which were longer than those at all ages of K1,
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particularly in the later stages of hydration (360 d). With the increase in
the BFS substitution, the Zn-O bond lengths of K1-360 d, K4-360 d, and
K5-360 d gradually increased to 1.95226, 1.95500, and 1.97594 A,
respectively.

4. Discussion
4.1. Advantages of the BFS-MSWI FA-DFG cementitious system

The experiments showed that low-clinker or clinker-free cementi-
tious systems can be prepared using BFS, an aluminosilicate synergis-
tically excited by MSWI FA and DFG, instead of cement clinker as the
main component. Replacing cement with BFS significantly improved
the S/S effect on the strength, leaching concentration, and heavy metal
status of the cementitious system. K5 had the highest compressive
strength of 41.49 MPa on the 360th day, and its macrostrength dur-
ability and stability were the highest. The leaching concentrations of
various heavy metals in the K2-K5 samples were lower than the
drinking water standard, and some were even below the groundwater
Class II standards, achieving the role of super S/S. Zn can be detected
through synchrotron radiation and is mainly solidified by silicate sub-
stances, converting into the residual state of the Zn,SiO;, silicate phase.
In the later stage of 360 d of hydration, the residual state of Zn was still
94%, and the S/S effect was relatively stable. The Zn ions can be more
easily trapped in the silicon—oxygen tetrahedral network of the C-S-H
gel and ettringite to balance the charge or replace the trapped Ca ions in
its lattice, forming a complex salt precipitation of larger molecules,
solidifying the Zn ions [42-45], and preventing their leaching.

To investigate the structural regulation of hydration products, we
used a WTB ratio of 0.5 for cement systems and 0.35 for solid-waste-
based systems for thermodynamic comparison. The WTB ratio of 0.5
resulted in a faster onset time and higher exothermic rate of cement-
based K1 [40]. By contrast, the WTB ratio of 0.35 was more conducive
to shortening the induction period of BFS-based K4 and K5, resulting in
a higher exothermic rate during the acceleration period. K4-0.35 also
had a higher total hydration heat release than K1-0.35 in the later
stages of hydration [46]. The acceleration of the hydration reaction
rates of K4 and K5 increased the number of hydration products and
shortened the coagulation time of the cementitious material, thus in-
creasing the compressive strength [47]. In addition, the glass phase of
BFS dissociated in an alkaline environment, continuously supplying the
silicate and aluminate ions required for hydration products during the
peak of the hydration reaction [28,48], resulting in wider peaks of the
exothermic rates of K4-0.35 and K5-0.35 than that of K1-0.35.

During the induction period, the BFS-based material was controlled
by the automatic catalytic reaction, whereas K1-0.5 was controlled by
diffusion, and K1-0.35 was freely controlled by the reaction boundary.
The hydration kinetics parameter K represents the chemical reaction
rate of cementitious materials during the production process. The K
value enables us to characterize the increase in the concentration of
generated substances per unit time, thereby ensuring the enhancement
of subsequent strength performance. The K value of the BFS-based
materials was 10 times higher during the induction period, indicating a
faster chemical reaction rate. During the acceleration period, K4 was
freely controlled by the reaction boundary at both WTB ratios of 0.35
and 0.5, while K5 and K1 were mainly controlled by diffusion.

For the corresponding WTB ratios, the N and K values of the cement-
based materials were larger than those of the BFS-based materials, with
the N value indicating reaction resistance [24,49]. Decreasing the WTB
ratio from 0.5 to 0.35 increased the N value of cement-based K1 (i.e.,
1.10664 at the WTB ratio of 0.5 and 1.20944 at the WTB ratio of 0.35)
and increased the N values of BFS-based K4 and K5, indicating that the
reaction resistance of cement-based materials increased, whereas that
of BFS-based materials decreased. During the deceleration period, the
BFS-based materials were controlled by diffusion, except for K5-0.5,
because the BFS-based materials (K4 and K5) contained a higher
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proportion of glassy silica tetrahedra [SiO4] and alumina tetrahedra
[AlO4]. The reactive elements Si and Al continuously leached out
during the passive hydration process within 168 h, consistently parti-
cipating in the formation of hydration products, such as ettringite and
C-(A)-S-H gel in the system. The N values of K1-0.5 and K1-0.35
during the acceleration period were lower than those of K5-0.5 and K5-
0.35, indicating that the hydration resistance of cement-based materials
was lower during the acceleration period than that of BFS-based ma-
terials. However, the denser hydration product layer hindered hydra-
tion from intensifying [41,49], reducing the strength of the cement-
based material K1 after 168h (7 d) of hydration compared with the
BFS-based materials K4 and K5. A lower WTB ratio, while meeting
fluidity, can decrease the porosity and increase the overall performance
of the cementitious material.

4.2. Characteristics of the BFS-MSWI FA-DFG cementitious system

Microscopic analysis revealed that, during the 7-d hydration stage,
K1 exhibited high calcium characteristics because of the higher con-
tents of C,S and C3S in the cement clinker [28,50], resulting in a higher
Ca/Si atomic ratio (1.86-2.39) than K4 and K5 (K4 = 1.41-1.92 and
K5 = 1.51-2.19; Fig. 3(h)). The hydration reaction in the cementitious
system, where MSWI FA and DFG synergistically excite BFS, is some-
what different from the active hydration of cement-based materials and
can be referred to as “passive” hydration. Under alkaline conditions, a
large amount of CaO is dissolved in MSWI FA, generating Ca(OH), and
rapidly promoting the depolymerization of amorphous aluminosilicate
in BFS. Depolymerized active [AlO4]°~ co-excites with Ca®*, SO~
(provided by DFG), and alkalis to generate ettringite complex salt mi-
nerals (Eq. (1)) and Friedel’s salt (Eq. (2)) under alkaline conditions.
The interlaminar anions of Friedel’s salt exhibit exchangeability [51],
aiding in the removal of harmful ions and organic contaminants
(Fig. 6).

Previous studies [28,29,51] have reported the competitive re-
lationship between Cl~ and SOZ~, where the presence of more SO~
results in the formation of the ettringite phase and the presence of more
Cl™ results in the formation of Friedel’s salt to achieve a balance. After
depolymerizing the active [AlO4]°~ in BFS, the amorphous phase of
BFS drives the depolymerization of [Si04]*~ and forms a C-S-H gel
with a lower Ca/Si atomic ratio by reacting with Ca(OH)» (Eq. (3)). The
active Al in BFS replaces Si in the C-S-H gel silicon chain, forming a
C-A-S-H gel with an Al/Si atomic ratio of 0.10-0.16 (Eq. (4)). In-
creasing the BFS content promotes the conversion of the C-S-H gel into
the C-A-S-H gel. SEM analysis showed an increase in the formation of
flaky Friedel’s salt with the increase in the BFS content, and XPS ana-
lysis confirmed the trend of salt minerals forming hexacoordinated Al in
the system. XRD analysis of K1-7 d revealed the presence of NaCl and
KCl salts, which resulted in poor chlorine salt binding compared with
the BFS-based materials.

3Ca(OH)2 + A1203
1,03:3CaS04-32 H,O (ettringite)

+ 3(CaSO42H,0) + 23H,0 — 3CaO-A-
(€8]

Al,O3 + 4Ca0 + 4NaCl + 7H,0 — 2Ca,Al(OH)eCl,H,0 (Friedel’s salt)
+ 4Na* (&)

3

Ca(OH); + (n — 1)HyO + Al30, + SiO, — Ca0-SiO5Al,03nH,0
(C-A-S-H) @

(Tl - l)Hzo + A1302 + 5102 + Na20 i Nazo‘si02‘A1203'nH20

Ca(OH), + (n — 1)H;0 + SiO, — Ca0-SiO,nH,0 (C-S-H)

(N-A-S-H) 5)
Ca(OH)g + (n - 1)H20 + A1302 + 5102 + NaQO -
Na,0-Ca0-Si05-Al;053nH,0 (N—(C)-A-S-H) (6)

After 90 d of hydration, K1-90 d not only had a higher degree of
polymerization of ettringite and C-S-H/C-A-S-H gel than K4-90 d
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and K5-90 d but also had the largest total hydrated product loss
(Fig. 3(e)). The O 1s binding energy (532.26 eV) and peak area of K1-
90 d were also the largest (Fig. 3(g)), and SEM analysis revealed
tightly cemented clustered C-S-H gels with ettringite in K1-90 d,
which had a dense structure. However, EDS analysis showed that K4-
90 d and K5-90 d produced complete Friedel’s salt, along with the
increase in the amount of aluminite cemented with Friedel’s salt. After
360 d of hydration, K1-360 d showed a loose and cracked structure
under SEM (Fig. 3(h)), K4-360 d showed ettringite clusters with
cracks, and K5-360 d had an extensive amount of needle-like calcium
alum cemented with the gel substance, resulting in a higher structural
compactness than K1-360 d.

After 360 d, K4 and K5 had lower Ca/Si atomic ratios of 1.18-1.54
and 1.04-1.23, respectively, whereas K1 maintained a higher Ca/Si
atomic ratio of 1.83-2.36. Based on the Ca/Si atomic ratio variation
range, K1 had a crystalline phase similar to jennite (CagSigO3>H>5),
whereas the species of C-S-H gel in K4 and K5 belonged to jennite in
the early stage (7 d). After 360 d, K4 and K5 had Ca/Si atomic ratios in
the range of 1.18-1.54 and 1.04-1.23, respectively, transitioning to 1.4-
nm tobermorite (CasSigO2¢H1g) with a higher degree of polymerization
with the increase in the hydration age.

With the variation in the Ca/Si atomic ratio, the C-S-H gel trans-
formed into its polymerized structure, as shown in Fig. 6(a), and the
silicon-oxygen tetrahedral chain structure of each C-S-H gel is com-
posed of three Si tetrahedral repeats [38]. As Ca/Si atomic ratio in-
creases, a portion of the Si tetrahedra in the third position acting as a
bridge disappears [38], thereby detaching Ca from the silicon chain in
the form of Ca(OH),. BFS contains more Al,Os; than the cement
clinker, and Al/Si atomic ratio increases with the increase in the BFS
content at each hydration time. In particular, in the later stages of
hydration (360 d), the Al/Si atomic ratio values of K1-360 d, K4-360
d, and K5-360 d were 0.16-0.23, 0.24-0.30, and 0.26-0.31, respec-
tively. In addition, the bending vibration peak i and absorption peak j
of the C-(A)-S-H gel in the FTIR analysis shifted to low wavenumbers
with the increase in the BFS content at the same age. Combined with
the increase in the BFS content and hydration time in the XPS analysis
(Fig. 3(g)), the binding energies and corresponding peak areas of Al 2p
and Si 2p increased, which proved that the degree of polymer crys-
tallization of the C-A-S-H gel in the BFS-based material increased
with the increase in the hydration time [34,52,53]. Based on the XRD
analysis, K4 and K5 formed sodium-(calcium)-aluminum-silicate—-
hydrate (N-(C)-A-S-H) and N-A-S-H phases. When the degree of
polymerization of C-A-S-H gel substances increases (Ca/Si atomic
ratio gradually decreases), a large amount of soluble Na* contained in
MSWI FA enters the chain structure of silicon (aluminum) oxygen
tetrahedron, where the C-A-S-H gel changes from chain structure to
mesh structure, generating the N—(C)-A-S-H phase (Egs. (5) and (6)),
which is similar to the zeolite-like phase (Fig. 6). The N-(C)-A-S-H
class zeolite phase has a more complex structure than the C—(A)-S-H
gel, indicating that the porous structure improves the interface
structure between hydration products, such as gel and solid particles.
This closer connection forms a more integral structure, enhancing the
strength of the BFS-based material upon hardening. In addition, the
porous structure of N-(C)-A-S-H can improve the capability to soli-
dify harmful elements. The N—(C)-A-S-H phase guarantees the ad-
sorption and curing of harmful substances and the improvement of the
strength of cementitious materials. The Na/Ca/Al/Si atomic ratio in
the EDS analysis of K5-360 d Locus 7 in SEM was 5.47%/19.52%/
8.63%/,/20.12%, which proved the existence of the N-(C)-A-S-H phase
(Table S12). Whether in the early (7 d) or late (360 d) stage of hy-
dration, the transition trend of the C-S-H gel to the C-A-S-H gel was
greater than that of the cement-based material, and the network
structure of K5 was the N—(C)-A-S-H class zeolite phase at 360 d and
contained more types of complex silicate hydration products than K1,
which was consistent with the results of the macroscopic strength
durability and stability tests.
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4.3. Advantages of the BFS-MSWI FA-DFG cementitious system

The proposal of China’s new development missions of “carbon peak”
in 2030 and “carbon neutrality” in 2060 poses great challenges to the
low-carbon transformation and development of the cement industry.
Low-carbon and ultralow-cost cementitious materials are an important
direction for future development. Our previous research [28,29,36,54]
showed that BFS, MSWI FA, CFA, coal gasification slag, ferroalloy slag,
and other materials that are mainly based on the glassy amorphous
phase aluminosilicate of solid wastes can collaboratively prepare new
low-carbon clinker-free or low-clinker cementitious materials through
the mechanical rate activation and composite stimulation of MSWI FA,
steel slag, desulfurization by-products, calcium carbide slag, and other
substances, such as alkalis, sulfates, and chloride salts.

Fig. 7 shows the change in CO, emissions in the production of 1t
cementitious materials K1-K5, of which the CO, emission in K1 is large
(403.85kg/t) mainly because 70% of the high-content cement com-
prising cementitious materials, limestone decomposition, and fossil fuel
combustion produces 750 kg of CO, during the production of 1t cement.
The CO, emissions of BFS, DFG, and MSWI FA in the production of 1t
cementitious materials only fluctuated in the range of 0.58-10.12kg.
Therefore, the BFS content of glassy solid waste gradually increased, and
replacing cement can continuously reduce CO5 emissions. CO, emissions
of K5 solid-waste-based cementitious material were only 10.83 kg/t. The
use of solid waste raw materials instead of cement as cementitious ma-
terials provides strong low-carbon environmental protection. The calcu-
lated data of specific CO, emissions are shown in Table S16.

The economic benefit analysis of cementitious materials K1-K5 in
this study is mainly divided into product benefit, carbon tax/credit,
disposal fee saving, and overbenefit; the specific calculation results are
shown in Table S8. Table S8 shows that the cost of cementitious raw
materials significantly impacts product benefit, and the price of cement
reaches 56 USD/t, whereas the cost of BFS and DFG is 28 and 1.12
USD/t, respectively. The raw material cost of K1 is 30.24 USD/t. An
increase in the BFS content reduces the cost of the raw materials, and
the raw material cost of K5 is reduced to 15.16 USD/t. The proportion
of energy and maintenance costs generated by BFS and DFG pretreat-
ment is lower than MSWI FA, which is < 2.5 USD/t; hence, increasing
the BFS content increases the product benefit (calculated by subtracting
the operating cost from the set price of 35 USD/t). The product benefit
of K1 is only 3.15 USD/t, whereas that of K5 reaches 19.18 USD/t.
Disposal fee savings mainly include solid waste storage tax (Environ-
mental Protection Tax Law of the People’s Republic of China = 3.5

USD/t) and hazardous waste disposal costs (landfill and cement kiln
disposal = 135.8 USD/t). Furthermore, solid-waste-based cementitious
materials have the advantages of resource utilization of BFS and DFG
solid waste and harmless disposal of MSWI FA hazardous waste, in-
creasing the disposal fee savings with BFS instead of cement (i.e., 21.16
USD/t for K1 and 23.05 USD/t for K5). With the strengthening of global
carbon emission reduction and the increasing impact of carbon tax, the
gradual increase in BFS content can continuously reduce the carbon tax
of cementitious materials, where K1 can be up to 5.46 USD/t and K5
only 0.15 USD/t. Through the overbenefit analysis, the overbenefit of
the cementitious material K1 is 18.85 USD/t, and the overbenefit of the
solid-waste-based cementitious material increases with the increase in
the BFS content. The overbenefit of K5 is the highest at 40.08 USD/t.

Hence, based on the glassy amorphous phase aluminosilicate of
solid wastes, the efficient and collaborative use of solid waste in me-
tallurgy, coal power, mining, and other fields is driven by and ex-
tensively integrated with mine cementation filling and building mate-
rial usage. Moreover, with the help of further research on low
calcium-silicon ratio cement technology, the potential for carbon
emission reduction and economic benefits are considerable.

5. Conclusion

This study showed that K4 exhibited superior compressive strength,
with values reaching 46.20, 44.10, and 45.18 MPa after 3, 7, and 180 d
of curing, respectively. Meanwhile, K5 exhibited a stable compressive
strength range of 27.65-47.26 MPa across hydration ages of 3-360 d.
Both K4 and K5 met the drinking water standards for heavy metal
leaching, and K5 had a low dioxin content of only 25ng-TEQ/kg. The
characteristics of the materials, such as the Ca/Si and Al/Si atomic ratios,
varied with the hydration age, indicating evolving compositions. The
addition of a WTB ratio of 0.35 accelerated the hydration reactions,
significantly reducing the half-life of K4 and K5. Moreover, this study
highlighted the efficient S/S effect of Zn in BFS-based and cementitious
materials, forming stable compounds, such as Zn,SiO,4, and preventing
leaching. In addition, the CO, emission of K5 solid-waste-based ce-
mentitious material was notably low at 10.83kg/t, yielding a high
overbenefit of 40.08 USD/t.
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